Hormesis can be defined as a biphasic dose-response relationship characterized by low-dose simulation and high-dose inhibition. Given that environmental pollutants are more often found at lower doses, hormesis research has become a recent hot spot in toxicology. This study summarizes current progress on hormesis research, which can be discussed in three contexts: The universality of hormesis, hormesis mechanisms, and the quantification of hormetic responses. The universality of hormesis has been verified, but the degree to which hormesis should be taken into risk assessments and risk management plans remains controversial. Regarding mechanisms, we discuss how our mechanistic understanding of hormesis has come a long way but still lacks strong experimental support, which leads to uncertainty as to the exact underlying causes of hormesis. This study also describes the hormesis quantitative research process and points out that due to an incomplete mechanistic understanding of hormesis, quantitative research has progressed slowly and lacks accurate quantitative characterization parameters and prediction models. Finally, we discuss that a future trend may be to investigate hormesis quantitative characterization parameters based on toxicity mechanism and to establish a quantitative prediction model of hormesis that incorporates those parameters.
INTRODUCTION
Modern toxicology is based on the proposition of the 16 th -century toxicologist, Paracelsus, that "dose decides toxicity (The dose makes the poison)." This principle has inspired the threshold model and linear nonthreshold model, which have become the central dogma of contemporary toxicology. It is surprising, then, that these principles may be strikingly inadequate to accurately quantify biological responses to a large number of stimuli. In 1887, Hugo Schulz discovered that for many toxic substances, while high-dose exposures attenuated metabolism in yeast, low-dose exposures actually enhanced metabolic rate. [1] When Southam [2] made the same observations in a study on the influence of red cedar extract on fungus, the phenomenon was termed "hormesis, " a dose-response phenomenon characterized by low-dose metabolic stimulation and high-dose metabolic inhibition. [3] Unfortunately, the concept was described in homeopathic literature around the same time and consequently became incorrectly associated with homeopathic pseudoscience and fell into relative obscurity. However, the concept has seen a recent resurgence, largely due to the work of Edward Calabrese, who is either named or heavily cited in the majority of central papers on the topic. Calabrese's 2003 Nature article "Toxicology rethinks its central belief " [3] was a pioneering work as it challenged the traditional threshold model and linear threshold model. In this article, Calabrese put forth the more predictive hormetic dose-response model, thereby bringing hormesis back into the consciousness of the toxicology community. Since then, Science has published numerous commentaries on hormesis, [4] which has contributed to its recent popularity.
Although many papers discuss hormesis as a beneficial concept, it is important to note that hormesis can also have negative implications; stimulatory effects have been observed in bacteria and neoplastic cells following low-dose administration of antibiotics and chemotherapy, among others. As such, this study is not attempting to portray hormesis as a silver lining to toxin exposure. The purpose of this review is simply to put forth the concept of hormesis as a legitimate, widely applicable toxicological model that may allow the scientific community to more accurately assess the consequences of toxin exposure at a variety of concentrations.
THE UNIVERSALITY OF HORMESIS
A growing number of studies show that hormesis exists in a multitude of organisms (including animals, plants, and microorganisms), poisons (including carcinogens and noncarcinogens), and biological phenomena (including tumor formation, reproduction, growth, metabolism, etc.). [5] Its scope covers a large number of toxic substances, including heavy metal compounds, cyanide, polycyclic aromatic hydrocarbons, polychlorinated biphenyls, organic arsenic, and some pesticides and antibiotics. Furthermore, the hormetic model is believed to occur with a significantly greater frequency than the traditional threshold model. [6] For this reason, hormesis has been put forth as a universal biological principle. [7] 
Controversy
While there is no question about the legitimacy of hormesis as a biological principle in general, there has been recent controversy centered on the role that hormesis should play in public health decisions. Calabrese has proposed that given its universality, in the absence of contradictory information, the hormesis model should be utilized as the default model for dose-response evaluations, rather than the currently utilized linear or threshold models. [7] Opponents of this transition have questioned whether the strength of research on the topic warrants such a drastic shift. Thayer et al. [8] and Mushak [9] recently, independently evaluated the merits and limitations of hormesis research as a basis for the proposed transition, and in doing so, identified several weaknesses in current research: (1) Most studies on the topic pertain to hormesis as a phenomenon, rather than its underlying mechanisms, and those that do investigate mechanistic underpinnings are largely presumptive and descriptive, rather than data-driven. Before hormesis can be included in risk assessments and management plans, it is necessary to ensure that there is a sufficient understanding of its biological basis and potential consequences. (2) Laboratory testing usually involves discrete administration of individual xenobiotics at controlled doses to a single model. Outside of a laboratory, however, organisms are composed of a wide variety of cell types that are exposed to mixtures of compounds in variable doses. As such, it is likely that the hormetic effects observed in laboratory settings fail to adequately replicate the experience of humans in a complex, uncontrolled environment. (3) Different individuals and species can exhibit variable endurance capacities for the same compound, and identical doses of a compound may stimulate metabolism in some organisms while inhibiting it in others. As such, it is difficult to accurately delineate beneficial from detrimental dosing for a population. (4) The statistical basis of several highly cited claims has been called into question, which implies that hormesis may not be as universal as Calabrese proposes. All of these problems limit the inclusion of hormesis in risk assessments, and the lack of research on hormesis mechanisms and mixture hormesis is an urgent problem to be solved. However, to the best of our knowledge, no criticisms have questioned the validity of hormesis as a general phenomenon, and as such, it seems that further research is all that is needed to satisfy cynics.
In summary, hormesis challenges the traditional school of toxicological thought and could fundamentally change risk evaluation models. While its role in public health policy remains to be seen, its legitimacy is not, and if nothing else, research on the topic provides a wider and potentially more accurate array of risk assessment models for regulatory organizations to utilize.
Past and present barriers to mainstream acceptance of hormesis
Despite its relevance, applicability, and overall legitimacy as a biological phenomenon, hormesis has been plagued with systemic obstacles preventing its widespread acceptance. Chiefly, hormesis as a concept is counterintuitive and could easily be judged as misleading propaganda commissioned by big business to influence public opinion, much like the prosmoking advertisements in the mid-20 th century American culture. Second, the agenda of the toxicological community are largely driven by the desires of regulatory agencies, which have always been almost exclusively concerned with risk assessment. As such, there is little monetary or professional incentive to stray from the mainstream fields of research to something more theoretical. Third, hormesis is logistically difficult to investigate; to adequately evaluate hormesis for a compound, studies must be specifically and methodically designed, including a large number of doses in a large number of trials, and include a temporal component. In a review of over 20,000 toxicology articles spanning from the mid-1960s to early 1990s, only 1.5-2% utilized designs that could adequately evaluate hormesis as a hypothesis. However, of those 1.5-2%, 40% identified evidence of hormesis. [10] Finally, hormesis has historically been associated with homeopathy and has thus been assumed to be a pseudoscience. [11] After identifying the phenomenon of hormesis in 1887, Hugo Schulz became aware of similar reports in homeopathic literature, and proceeded to identify hormesis as the basis for these homeopathic claims. Despite its validity, this work came at a time of heated division between homeopathy and modern medicine, and by associating hormesis with homeopathic literature, Schulz and his ideas were rejected by the medical community. [12] However, a retrospective evaluation of hormesis research and opinion is scant with scientific evidence refuting its validity. Thus, it is imperative that historical paradigms on the topic be cast aside if an honest evaluation of hormesis is to be conducted.
HORMESIS MECHANISM
Current mechanistic studies on hormesis lack depth, and it seems that no single mechanism can be credited for the phenomenon. However, the mechanistic investigations that have been conducted usually produce encouraging results. Proposed mechanisms all center on the idea of homeostatic overcompensation; following homeostasis-disturbing low-dose exposure to toxins, the body has a tendency to overcompensate in its attempt to return to homeostatic set points, thereby strengthening normal homeostatic functions in preparation for further toxin exposure. This overcompensation has been proposed as the cause of the hormetic phenomenon, and Townsend and Calabrese [11] have both independently cited many instances to support the excessive compensation hypothesis.
Under the umbrella of the overcompensation hypothesis, several theoretical explanations of hormesis have been put forth, including the receptor mechanism, DNA damage repair, the oxidative stress mechanism, immune function enhancement, and alteration of gene expression.
Receptor subtypes of varying affinities and effects
The leading hypothesis regarding the mechanism of hormesis asserts that the observed phenomenon is due to the same agonist interacting with different receptor subtypes, each with different ligand affinities and effects. It is plausible that higher affinity receptor subtypes stimulate one change in metabolism while lower affinity subtypes stimulate an opposite change; at low ligand concentrations, only the high affinity (stimulatory) receptors would be occupied, while at higher concentrations, the lower affinity (inhibitory) receptors would be filled as well. This hypothesis has been confirmed experimentally; Gao et al., [13] identified this mechanism as the cause of the hormetic response of bisphenol A and other phenolic compounds on in vitro lymphocyte proliferation rates in Crucian carp. At low doses, the estrogen receptor played a major role in promoting lymphocyte proliferation, while at higher doses, acute toxicity mechanisms seemed to be activated that inhibit lymphocyte proliferation. In addition, a 2005 study found that steroidogenesis is stimulated in Leydig cells by low-dose administration of histamine while inhibited by higher doses. In line with the two-receptor hypothesis, the opposing effects were mediated by subtypes of the same receptor; low-dose administration only allowed for ligand interaction with the stimulatory HRH2 receptor while high-dose administration allowed for ligand interaction with the inhibitory HRH1 receptor. [14] However, other studies have yielded inconsistent results. A recent investigation from Zhang et al. found that in estrogen receptor-knockout cells transfected with a modified estrogen receptor, administration of E2 β at low dose stimulated cell growth by mediating phosphorylation of an activation site on the Src transcription factor, while administration of E2 β at high dose prevented cell growth by mediating phosphorylation of an inhibitory site on Src. [15] While nonmonotonic effects came from administration of different doses of estrogen, these effects seemed to be facilitated by the same receptor. However, this investigation did not to investigate the role of other receptors in the observed phenomenon, which does not rule out the possibility that the two-receptor mechanism may be responsible for the given results.
DNA generation
DNA damage is a significant mechanism by which toxic substance damage organisms, but it seems that a reversal of this effect may be one of the mechanisms underlying hormesis. Von Zglinicki et al. reported that cadmium administered at <100 pmol/L can stimulate DNA synthesis in rat bone marrow cells, [16] and another report claimed that some individuals exposed to low doses of poison can experience reductions in the degree of DNA damage. In addition, mercury is able to stimulate synthesis of metallothionein, which can clear toxic metals from the body, thereby protecting cells from free radical damage generated by normal metabolism. [17] Oxidative stress mechanism Reactive oxygen species (ROS) are well-known to play vital roles in signal transduction at low levels, and even better known for their role in tissue damage at higher levels. Under normal circumstances, the generation and removal of ROS in the body are tightly regulated, which allow them to serve beneficial roles while avoiding their deleterious effects. However, if ROS cannot be removed quickly, they will accumulate, which can be damaging to the body. Thus, moderate levels of ROS seem to exert a stimulatory effect on the body. Yamaoka et al. reported that low-dose radiation can activate the activity of GSH-Px and SOD in the liver tissue and argued that these enzymes expedite the process of eliminating free radicals, which protects the body from harm. [18] A more recent study found that cells exposed to oxidized-free DNA suppressed NF-kB activity and stimulated NRF2 activity while those exposed to nonoxidized-free DNA failed to stimulate NF-kB and stimulated NRF2 activity to a lesser degree. [19] It is thought that under oxidative stress, apoptotic cells release oxidized DNA which neighboring cells interpret as a stress signal, thereby inducing expression of antioxidant and prosurvival genes. However, it is well-known that high levels of ROS stimulate apoptosis or necrosis in all cells. Thus, it seems that hormetic effects can be mediated by mechanisms other than the two-receptor hypothesis.
Enhancement of immune function
Arinaga et al. [20] reported that exposure to MMC in low doses can activate the body's immune system, increase interleukin-2 (IL-2) production, induce LAK cells, and strengthen the body's resistance to exogenous chemicals. Moreover, animal experimental data show that low-dose stimulation may enhance the body's immune function by: (1) Enhancing T-cell proliferative response to mitogen stimulation, (2) promoting the activation of interferon-γ and IL-2, (3) increasing the expression of IL-2 receptors in T-cell membranes, and (4) increasing the content of catecholamines in the spleen and reducing serum corticosterone levels.
Gene expression and regulation
Research shows that hormesis is closely related to expression and regulation of genes involved in DNA repair, stress protein production, growth, transcription factors, transcriptional promoters, and apoptosis. Some studies have shown that low-dose radiation can trigger SRF, AP-1, ATFZ, and NF-KB transcription factors by a variety of signal transduction pathways. [21] 
QUANTITATIVE STUDY OF HORMESIS
The hormesis quantitative characterization method is roughly divided into two categories according to the different points of concern. One class of hormesis research is only concerned with the quantitative characterization of hormetic stimulation and its parameters, including the width and breadth of the stimulatory range as shown in Figure 1 . To this end. , Calabrese and Baldwin reviewe thousands of research papers on the hormetic dose response and found that in the vast majority of cases, low-dose exposure stimulated metabolic rate by a modest 30-60% above control. It was also determined that in ~95% of cases, the width of the low-dose stimulatory range was within 100-fold, and usually within the 10-20 fold range. [22, 23] The other branch of hormesis research is concerned with the quantitative prediction of the hormesis response as a whole. Over the past few decades, scholars have put forth a variety of dose-response models to characterize the hormesis phenomenon, including the biphasic dose-response model [24] [Equation 1 ] and Brain-Cousens model [25] [Equation 2 ].
Where α indicates the effect of the highest exposure concentration; δ, the effect of the control group; γ, the effect of low-dose range increase trend, and β, the change rate of half the inhibition effect of concentration (EC50).
In the field of mixed hormesis quantitative study, researchers have put forth the corresponding hybrid hormesis quantitative method based on the quantitative study of single-compound hormesis and supplemented by traditional quantitative methods for determining toxicity for interactive mixtures. For example, Ge et al. [26] correctly predicted the toxicity effect of an ionic liquid mixture on luminescent bacteria using the concentration addition model; an iteration of this hybrid quantitative method as shown in Figure 2 .
As an alternative, a novel model, the "six-point" model was proposed for predicting the hormetic effects of mixtures in low dose. The six-point model was developed based on the quantitative structure-activity relationship approach and the quantitative features in the determined dose-response curve. Zou et al. [27] found six representative dose-effect points on the hormesis curve (NEC, 0), (1/2*ZEP, Y 1/2ZEP ), (M, ZEP), (ZEP, 0), (EC50, 50), (EC90, 90), and according to a single compound's contribution to the toxicity of mixture, established a relationship between six representative single dose-response points and mixed dose-response points, culminating in successful prediction of the hormetic response of a mixture. The results indicated that this model can accurately predict the hormetic effects of mixtures in low dose not only for noninteractive mixtures but also for interactive mixtures as well. Therefore, the "six-point" model is a powerful tool to predict the hormetic effects of mixtures at low doses and may serve as a more accurate tool for assessing the environmental risk of toxin mixtures.
Despite these recent advances, current research on hormesis for both single and combined quantitative characterization parameters according to the dose-response curve for external characteristics lacks an understanding of chemical toxicity mechanisms and fails to provide support to its specific biological significance. Thus, it is necessary to investigate these areas of ambiguity if we hope to accurately assess the risk of toxin exposure.
APPLICATIONS

Hormesis will significantly influence the current risk assessment process
Two basic models are generally used in toxicology: Threshold model and linear nonthreshold model. The former is used to assess the risk of noncarcinogens and the latter is extrapolated for the risk of carcinogenic substances at very low concentrations. Compared with these two traditional models, hormesis is better able to predict the toxic behavior of compounds at low dose. [28] Thus, in an effort to more accurately forecast the toxicological behavior of these compounds, Calabrese et al. [29] have proposed that hormesis be used as the default model of dose response. This default dose-response model would be used for risk assessments in the absence of convincing reason to employ a different model. [28] Risk assessment agencies should incorporate hormetic concepts into risk assessment procedures for a more precise assessment of the physiological risk caused by environmental pollutants. Specifically, in biological experiments and human epidemiological investigations, we should simulate and analyze dose-effect relationships according to the specific characteristics of a given compound and dose, rather than simply extending a linear extrapolation of the traditional risk assessment. In addition, during experimental design, low-concentration groups should be included, as well as a more extensive dose range to investigate the effect of hormesis. These fundamental changes could radically alter the way modern regulatory agencies assess the danger of a pollutant. [30] The application of hormesis in radiation assessments Hormesis induced by low-dose ionizing radiation has been confirmed in a large number of experiments in vivo and in vitro. In mouse models, low-dose (75 mGy) radiation has been found to enhance immune function, reduce apoptosis, significantly improve the body's ability to resist tumor formation, and improve the ability of erythrocytes to carry oxygen. [31, 32] In early 2015, Kudryasheva and Rozhko reviewed the effect of low-dose particulate (α and β) radiation on luminous marine bacteria [33] and concluded that under low-dose radiation, the adaptive properties of bacteria could be attributed to a hormetic response. In another study investigating the location of nuclear weapon testing, the United States was divided into high and low background exposure states. [34] Surprisingly, the study found that states with higher background radiation had a lower incidence of lung cancer (P < 0.001). [35] On the other hand, other studies have shown that low doses of radiation have no influence on, or even inhibit, repair of DNA double-strand breaks. Given the conflicting results, the exact effects of low dose exposure to radiation are not known. [36] However, the dose-dependent nonlinear effects of radiation exposure are evident, and must be addressed.
Although the nonthreshold model is widely accepted, there has been a resurgence of literature investigating radiation hormesis, including epidemiologic studies on the relevance of radiation hormesis in plants, bacteria, fungi, and mammalian cells. This is evident in recent policy decisions. The French Académie des Sciences and Académie Nationale de Médecine recently published several joint reports collectively alleging that the use of the linear nonthreshold model for assessing public health risks for low dose radiation was not based on valid scientific evidence, and that most dose-effect relationships were linear-quadratic or quadratic, rather than linear. Furthermore, a hormetic response was observed in 40% of their experiments. [37] However, the United States National Council on Radiation Protection and Measurements conducted a similar investigation, but found that the linear nonthreshold model was able to adequately assess carcinogenic risks for moderately low-dose radiation. [38] Thus, opposing viewpoints on the matter are not only found in the pages of scientific journals; they have real-world implications that could significantly affect the lives of people. It seems urgent, then, to come to an empirically rooted consensus on the matter.
Applications of hormesis in clinical medicine
Hormesis allows researchers to reexamine the linear efficacy of medications and provides new ideas and methods for the evaluation of dose-dependent side effects. [39] Anticancer drugs are of particular interest to this end. For instance, while resveratrol and doxorubicin have been utilized as anti-neoplastic agents, they have been found to play roles in promoting proliferation of lung cancer cells at low doses. [34] [35] [36] [37] [38] Thus, failure to accurately predict the effective dose of a drug can lead to clinical treatment failure and in some cases, be explicitly detrimental. However, while the traditional dose-response model cannot reveal drug action in the low-dose range, the hormetic dose-response model has been investigated for exactly this purpose, allowing it to guide clinicians to more precise, effective medication dosing. [44] In addition, studies on the efficacy and mechanisms of exercise-induced hormesis have increased in recent years and some studies have found that redox signaling may be one of the most important molecular mechanisms of exercise-induced hormesis. [45] Among the best-known hormetic effects studied to date are upregulation of the antioxidant network, mitochondrial adaptation, cardiac protection against ischemia-reperfusion, heat tolerance, adaptation to low energy substrates (especially blood sugar), and muscle hypertrophy in response to blood flow restriction. [45, 46] 
PROSPECTS
Research on the toxicity of pollutants in low doses is still in its infancy, so some problems still remain. Chiefly, the mechanisms of hormesis proposed in the present review are explanatory but seem inadequate to characterize the full scope of hormetic responses. Second, there is currently a lack of quantitative characterization parameters based on the established hormesis mechanisms, which makes research progress on the quantitative prediction model of hormesis slow moving. Third, the applications of hormesis models in environmental science need to be more widely publicized in order for them to attain widespread acceptance.
As to the problems above, follow-up research should include further exploring the mechanisms of hormesis, and to this end, identifying the biological significance of hormesis quantitative characterization parameters, thereby establishing a quantitative prediction model based on the toxicity mechanism of hormesis. Overall, it is important for toxicologists to appreciate the utility of hormetic models for risk assessments and attempt to incorporate them when warranted, not in the interest of employing a novel model, but for the sake of quantifying environmental risks to the best of our abilities. of Tongji University (0400219287), the 111 Project, and the Science& Technology Commission of Shanghai Municipality (14DZ2261100).
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